Abstract-In this paper, we present a heterogeneous integration of ultrathin III-V semiconductor devices onto a silicon-based host substrate using fluidic self-assembly (FSA) and magneticfield-based pick-and-place technique. With a thin nickel layer in device metallization step, ultrathin devices can be picked up by a properly magnetized needle tip. This also provides the transportation and coarse alignment of the devices onto their binding sites of a host substrate. Due to the capillary force in FSA, devices can be released from the needle tip enabling the precise self-alignment of thin-film devices onto the binding sites. A thin-film low-temperature grown GaAs inverted metal-semiconductormetal (MSM) photodetector (PD) was successfully integrated onto a SiO 2 /Si substrate using the proposed integration method. Dark current and photocurrent of the integrated PD were measured to verify the electrical contact between the thin-film device and its host substrate. With the help of advanced automation/robotics strategies, the proposed integration method can be further developed to offer efficient integration and compatibility required for multi-material/functional hybrid microsystems.
is the development of a cost effective assembly technique with high throughput and alignment accuracy. As adhesive forces dominate with increasing surface area to volume ratio in the micro scale, conventional robotic pick-and-place (PAP) loses its efficiency in terms of precision and safe handling of thin devices [9] , [10] . Surface tension driven fluidic self-assembly (FSA) [11] [12] [13] [14] provides an attractive alternative due to its high alignment accuracy and relative ease of implementation. Together with the favorable downscaling of surface tension and geometric shape matching, FSA furnishes self-alignment and unique in-plane orientation [15] , [16] of micro devices on pre-defined binding sites in a host substrate. To improve the time-to-assembly and process throughput, an efficient external guiding mechanism has to be employed to drive the micro devices onto their integration sites. In one of the previous publications [17] , magnetic force was used to steer thin-film photonic devices towards the pre-designed binding sites in fluidic environment. Though the introduction of assistive magnetic force corrected the stochastic limitations of FSA to a certain extent and the approach has potential for parallel wafer-scale applications, process yield is still a point of concern.
Meanwhile, a robotic PAP, combined with self-assembly, can be exploited specially for sparse array integration of small devices due to its reliability and repeatability [18] , [19] . Different PAP micro handling strategies, such as contact micro gripper, form closure micro gripper, and vacuum micro gripper, have been demonstrated in literature [20] , [21] . However, most of the reported integrated devices utilizing PAP and capillarity are thick [22] [23] [24] [25] , compared to the thin-film device format presented in this paper. Liimatainen et al. demonstrated the integration of 10μm thick SOI dies in air environment using modified vacuum gripper and capillary self-alignment [26] . As the ultrathin micro devices are very prone to incur physical damage, the magnitude and working range of the guiding force has to be actively controlled to ensure safe handling in the PAP steps. This work highlights the different aspects of integration of a thin-film (0.5 μm ∼ 2.3 μm) III-V semiconductor device onto a silicon host substrate utilizing fluidic self-assembly and magnetic-field-based (MFB) PAP method. This allows efficient placement and precise alignment of ultrathin devices as presented in Table I . The combination of these techniques can open new avenues for low cost assembly technology of ultrathin micro devices. Fig. 1 shows the integration approach of a thin-film low-temperature (LT) grown GaAs device onto a silicon host substrate in water environment. A properly magnetized carbon steel (CS) needle tip is employed to pick up thin-film device having an evaporated nickel layer ( Fig. 1(a, b) ). Then, the device is manipulated inside the fluidic environment and coarsely aligned with pre-defined binding sites by controlling the movement of the magnetized needle ( Fig. 1(c) ). The device is released from the needle tip due to strong capillary force and self-aligns onto its designed optimal integration location due to interfacial energy minimization ( Fig. 1(d) ).
II. DESIGN, FABRICATION AND INTEGRATION

A. Integration Design
B. Magnetized Carbon Steel Needle Tip
A carbon steel (CS) needle tip (TED PELLA, INC.) was employed to pick up, transport, and place III-V thin-film devices in water environment. With a cylindrical permanent magnet (N52, NdFeB from K&J Magnetics, with dimensions 1/8" × 1/16") adhering to it for several days, the CS needle was magnetized ( Fig. 2(a) ). After taking out the magnet, the magnetized needle was mounted into a micromanipulator ( Fig. 2(b) ). Fig. 3 represents the simulated magnetic flux density distribution of CS needle tips having different tip geometries. Three needle tip geometries were considered for the simulation: rectangular tip (width 100μm), trapezoidal tip (width 20μm), and pointed tip. It can be seen from the simulated results that the induced magnetic flux gets more focused with decreasing dimensions of the needle tip region. As a result, stronger and more localized magnetic field can be obtained at the needle tip aiding the efficient pick-up of thin-film devices.
C. Thin-Film Device Fabrication
LT-grown GaAs based thin-film inverted MSM photodetectors were fabricated in their suitable growth substrate. The starting wafer for the device fabrication consisted of the following layers: LT-grown GaAs device layer/ AlAs sacrificial layer/ semi-insulating GaAs growth substrate with thickness of 2.5μm/0.25μm/350μm (Fig. 4(a1) ). The metal patterning for the PDs were done by a dual layer lift-off process [5] , [13] , comprising of dual layer photolithography (AZ5214 and SF11) and thermal evaporation. The interdigitated finger pattern of the PDs was defined using gold/nickel/chrome (Au/Ni/Cr) with thickness of 180nm/100nm/20nm respectively (Fig. 4(a2,  b1) ). The influence of nickel layer on the PD performance is acceptable [17] and 100nm of the nickel is sufficient to pick up the thin-film device in water with a magnetized needle tip. Using a citric acid and hydrogen peroxide (4:1) solution, wet etching was carried out to define the device mesa with dimensions of 100μm × 200μm (Fig. 4(a3, b2) ). Next, the thin-film devices were embedded and protected by an Apiezon W wax (Fig. 4(a4) ), followed by the removal of the AlAs sacrificial layer using hydrofluoric acid (HF, 10%) ( Fig. 4(a5) ). Thus, the device layer (LT-grown GaAs) was detached from the growth substrate and an array of the PDs is shown in Fig. 4(b3) . A Mylar diaphragm was prepared by stretching and bonding a Mylar film onto a silicon ring. The devices embedded in Apiezon wax were attached onto the Maylar diaphragm using a water droplet and left overnight to assure the adhesion between the devices and the diaphragm. Then, the wax was removed by trichloroethylene (TCE) and the fabrication results are shown in Fig. 4(b4, b5) . The final thickness of the PDs is ∼2.3μm.
D. Host Substrate Preparation
The host substrate used for this work is a 1μm thick silicon dioxide thermally grown silicon wafer ( Fig. 5(a1) ). A metal (Au/Cr, 180nm/20nm) layer was patterned using same dual layer lift-off process ( Fig. 5(a2) ). Next, the binding sites were opened by the dual layer photolithography with AZ5214 and SF11 photoresists. After the removal of the first layer of the photoresist (AZ5214) using acetone and IPA, oxygen (O 2 ) plasma was used to selectively modify the surface of gold binding sites making it highly hydrophilic ( Fig. 5(a3, b1) ). This benefits the formation of self-assembled monolayer (SAM) on the binding sites. Because one terminal of the SAM adheres well onto the hydrophilic gold surface, while the other terminal is hydrophobic. An 1mM ODT solution (1-octadecanethiol in ethanol, CH 3 (CH 2 ) 17 SH, Sigma-Aldrich) was employed to cover the sample surface to form the self-assembled monolayer ( Fig. 5(a4) ). Later, the substrate was immersed into PG remover to strip off SF11 followed by cleaning with acetone, methanol and IPA ( Fig. 5(a5) ), and dried with nitrogen (N 2 ). Finally, the substrate was passed through a lubricant-water interface ( Fig. 5(a6) ), and the lubricant formed only on the binding sites for integration while the other gold areas remained untouched as shown in Fig. 5(b2) . The lubricant, employed here, is OptiClear S2 (National Diagnostics), which works as an attracting medium for the device releasing step during the integration and can be evaporated easily without leaving a trace on the host substrate.
E. The Proposed Integration Approach
The integration initiated from the introduction of the magnetized CS needle to close proximity of thin-film PD immersed in fluidic environment ( Fig. 6(a) ). The ultrathin device was transferred from the Mylar diaphragm onto the silicon host substrate, which had lubricant on the predesigned binding sites. The needle having magnetic flux density of 5mT measured at the tip was carefully lowered to make contact with the thin-film device (Fig. 6(b) ). Once the contact happened, the magnetized tip was lifted up and as a result the devices got picked up by overcoming the adhering forces between the thin-film PD and its host substrate (Fig. 6(c) ). For more convenient manipulation, the host substrate was roughly aligned in parallel to the movement direction of the needle (Fig. 6(d) ). Next, the device was brought and aligned coarsely onto the top of binding sites (Fig. 6(e) ), followed by the releasing of the thin-film PD (Fig. 6(f-h) ). Once the PD came into contact with the lubricant, it was attracted by the lubricant due to the capillary force and got released from the tip. This capillary force between the device and lubricant is much stronger than the magnetic force between the tip and device. Here, one side of the device was in contact with the lubricant at first, while the other side was still floating on top of the lubricant (Fig. 6(f) ). By moving the contact needle across the device's lateral dimension, the floating end was made in contact with the other half of the lubricant-coated integration pad (Fig. 6(g) ). The integration result is shown in Fig. 6 (h) after the needle was lifted up and moved away.
III. RESULTS AND DISCUSSION
A. Self-Alignment of the Device
Self-alignment is one of the most attractive aspects of fluidic self-assembly. A fine probe tip was employed to create a lateral displacement of the integrated device to demonstrate its capability of self-alignment (Fig. 7) . In water, the integrated PD was moved away from its original location using the probe tip and misalignment was generated between the PD and predesigned binding sites (Fig. 7(a2, b2) ). When the probe tip was moved back, the PD returned to the initial position automatically due to the interfacial energy minimization ( Fig. 7(a3, b3) ). As shown in Fig. 7(b) , the PD still self-aligned onto its original location even when the displacement is greater than 45μm, which is more than the half length of the binding sites (length × width, 80μm × 45μm). 
B. Alignment Accuracy and Electrical Characteristic of the Integrated PD
After the integration was completed, a series of postprocessing steps were carried out to make a stable metalto-metal contact between the PD and binding sites on host substrate. The water for the integration was drained out, and the sample was placed in an oven to evaporate the lubricant completely. Fig. 8 shows the SEM (Scanning Electron Microscope) micrograph of the integrated device. The misalignment was calculated to be 1.4μm and 6.2μm for X and Y orientations, respectively. To achieve more precise alignment of the PD on the desired locations, various parameters should be carefully considered and designed. For example, these include the amount and viscosity of lubricant, the surface treatment, and the shape and quality of the integration pads.
A Keithley 2400 SMU (source measurement unit) and a wafer probe station were used for the measurement of dark current and photo current of the PD to verify the electrical contact of the device and substrate (Fig. 9 ). The results demonstrate the effectiveness and functionality of the proposed integration method for the ultrathin device. Slight increase in the dark current was noticed after integration, which may result from the metallic bonding process.
C. Magnetization of CS Needle Tip for the Proposed Integration
For a stable PAP process, it is critical to produce a proper magnetic force at the CS needle tip by modifying its properties. While weak magnetic force cannot pick up a thin-film device, much stronger magnetic force causes jumping of the device during the pick-up step. The CS needle tip was magnetized by a magnetic cylinder (N52, NdFeB from K&J Magnetics, with dimensions 1/8" × 1/16") for several days. After separating them, the magnetic flux density at the needle tip was measured by a portable digital Tesla meter ( Fig. 10(a) , model No.HT20 @ Shanghai Huntoon Magnetic Technology Co., Ltd). The needle tip was brought into contact with the effective sensor head to obtain its magnetic flux intensity value. The magnitude of the induced magnetic field at the tip can be controlled by changing the orientation of the attached cylindrical permanent magnet. For example, the tip with 6mT can be adjusted to 4mT by applying different polarities of the permanent magnet as shown in Fig. 10(b) . Also, the separated magnetized CS tip demonstrates certain value of the magnetic flux density for a long time (Fig. 10(b) ), for example, 6mT can be maintained for more than a week and 4mT for at least two days without showing any signs of degradation. This enables the repeated use of the magnetized tip. It was experimentally observed that 4∼5mT is the optimized magnetic field density at the tip to pick up a thin-film device from the substrate repeatedly and reliably, having little effect on the releasing step due to the much stronger capillary force. However, the needle tip with 6mT magnetic flux density caused slight jumping of the thin-film device (Fig. 11(a1-a4) ). Even a higher magnetic flux density of 8mT at the micromanipulator tip induced more random device attachment as shown in Fig. 11(b1-b3) .
D. Device Storage in Water and Pick-Up Step
This integration process can be further developed by saving the thin-film device array on a substrate in water environment instead of the Mylar diaphragm. Subsequently, with advance automation strategies, the proposed integration approach can directly pick up devices, transport them to the host substrate, and place the devices onto their binding sites and complete the integration. This can be done with help of a water soluble polymer polyacrylic acid (PAA). A droplet of a solution comprising 25% Polyacrylic acid (PAA) and water (1:3 v/v) was dispensed onto a cover glass, and the devices protected by Apiezon wax were placed on top of the PAA for overnight (Fig. 12(a1) ). Next, the wax was removed by Trichloroethylene (TCE) (Fig. 12(a2) ). Then, the devices on the PAA were transferred to another cover glass with their metal-side facing down for future integration. The setup is illustrated in Fig. 12(a3) . The glass with PAA and devices was flipped over and mounted on top of the final host cover glass in a petri dish. DI water was then introduced with a pipette to the petri dish to dissolve the PAA (Fig. 12(b1-b3) ), and thereby PDs got detached from the upper cover glass (Fig. 12(b4) ). The PDs were saved and stored on the host cover glass in the water environment for future integration approach.
The picking-up of these devices from host cover glass was also studied by the magnetized needle tip with magnetic flux density 4-5mT (Fig. 13) . The tip was moved to contact one device at a time and pick it up to transfer it into the integration space. The release and storage steps of micro devices in water will be further studied more systematically to analyze the overall integration throughput.
E. Force Balancing Analysis for Device's PAP
Simulations were preformed to provide a quantitative comparison between the forces involved in the integration technique. The forces taking into consideration were the attractive magnetic force between the magnetized needle tip and the thin-film device (F magnetic (device & needle tip) ), the capillary force between device and lubricant (F capillary(device and lubricant) ).
Numerical simulations for restoring capillary forces between the device and lubricant were performed with help of SURFACE EVOLVER software. Values for different parameters were taken from the literature [27] . The surface energies considered are 53.3mJ/m 2 , 47mJ/m 2 , and 1mJ/m 2 for the interface of lubricant-water, SAM-water, and lubricant -SAM, respectively. The area of the binding sites is 45μm × 80μm and dimension of the device is 200μm × 100μm × 2μm. The Fig. 14(a) illustrates the simulation model and structure. The optimal lubricant volume for the designed binding sites and the height of lubricant between device and substrate for minimum energy state were initially studied as shown in Fig. 14(b, c) respectively. From the simulation, it can be seen that the optimal lubricant volume is 30.2pL. Assuming the restoring force for lifting up the device in the simulation is similar to the capillary force to detach the device from the magnetized needle tip in the actual releasing step, the capillary force can be estimated to be ∼50μN for Z-offset of 4μm. Fig. 15 depicts the variation of the attractive magnetic force with increasing magnetic flux density at the needle tip having diameter of 50μm. The attractive magnetic force exerted by the magnetized needle tip to the thin-film device can be calculated as [28] :
where F represents the attractive magnetic force, B represents the induced magnetic flux density and A represents the magne- tized needle tip pole area. It can be observed from Fig. 15 that for the optimized induced magnetic flux density of 4-5mT, the magnetic attractive force between the needle tip and the micro device is estimated to be 12-19nN. From the above force calculations, it can be concluded that during the device releasing step, the capillary force between the device and lubricant (F capillary(device and lubricant) ) is considerably greater than the attractive magnetic force between the magnetized needle tip and the thin-film device (F magnetic (device & needle tip) ). Also it can be shown that magnetic attractive force is larger compared to the reported experimental values of adhesive force between different flat surfaces under water [29] , [30] ensuring safe handling of ultrathin devices during pickup step.
F. Restoring Forces for Planar Displacement
The SURFACE EVOLVER was also employed to estimate the planar restoring force and investigate the possible maximum lateral displacement of the thin-film device for successful fluidic self-alignment. As shown in Fig. 16(a) , the capillary restoring force on the y-axis is calculated to be 8.23μN at offset of 20μm. The assembly configurations predicted by the software is shown in Fig. 16(b) . With height maintained at 4.19μm, the y-offset is varied from 10μm to 85μm. The lubri- cant appears to be stable up to a lateral offset of 81.5μm, but is unable to hold the micro device at the binding sites when the offset is increased to 83μm. The simulated results for the maximum lateral displacement of the micro device from its optimal integration location are similar to the ones already demonstrated in literature [26] , [27] . From the simulations, it can be concluded that the maximum allowable lateral offset for the thin-film device is around the length of the edge of binding sites for successful self-alignment.
G. Hydrodynamic Force Study
To discuss the maximum speed the tip can move in water when a device is loaded at a given magnetic flux density, the hydrodynamic force analysis was performed as simplified in Fig. 17 . F d represents the fluidic drag force due to the movement of device in water. F mh is the holding force of the device due to the magnetic force. The parallel magnetic holding force can be calculated by multiplying static friction coefficient with attractive magnetic normal force. Considering the value of coefficient of static friction to be 0.2 [31] , the parallel magnetic holding force (F mh ) can be estimated as 2.4-3.8nN for normal magnetic force (F magnetic(device & needle tip) ) ranging 12-19nN.
The fluidic drag force F d can be calculated by [32] 
where C D is the drag coefficient for a flat surface, A D is the characteristic area of the device (200μm × 100μm), ρ w is the density of water (999.73kg/m 3 ) and v is the average velocity, R e is Reynolds number and C D is obtained by the empirical expression of R e , L is the characteristic linear dimension (100μm), and μ w is the water viscosity (1.002×10 −3 Pa•s at temperature 20°C). Considering the motion is overdamped [33] , i.e. the viscous time scale largely exceeds the inertial time scale, the maximum average velocity of the magnetized needle in water can be calculated as 6.8-9.7mm/sec based on the above equations and the estimated holding force.
IV. CONCLUSION
A technique for the integration of an ultrathin device onto a silicon based host substrate has been reported in this work. Magnetic-field-based modified PAP method was utilized to guide the micro devices close to the integration site and surface tension driven fluidic self-assembly was employed to release and self-align the devices onto their predefined binding areas. Different aspects of the process starting from device fabrication, host substrate preparation, PAP tool modification have been described in details. LT-grown GaAs based MSM PDs fabricated in its optimized growth substrate and fabrication procedures have been used for the self-assembly. Surface wetting properties of a silicon dioxide thermally grown silicon wafer was selectively modulated to create the binding sites on the host substrate. Photocurrent and dark current measurements were performed on the integrated device to confirm the electrical contact between the device and the integration pads. This hybrid integration method sustains the advantages of both fluidic self-assembly and robotic PAP, thus providing an attractive alternative as a low cost technique for the integration of ultra-thin devices.
